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Abstract

Recent trends -in fiber development, research topics initiated, facilities
for fiber production, fiber testing techniques, and an initial comiposite
ring specimien -preparation are discussed.

Refeenc: shoffrner, T. 9., KelleAr, E. E., Sutherland, W. M.,
"Ceramic Fiber Ceramic Matrix Systems," General
Dynamics/convair Report M4P 59-086,0 San Diego,
California, 27 October 1959. (Reference attached).
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initial investigations have shown the desirability of continuing studies of
ceramic-fiber- -ceramic-matrix systems. The project Should, however, be
divided into (a) tund ametai fiber studies, ad i(b) to ~site stuadies using
existing material combinations,. For the st-udies to be fruitful, long term
funding and additional equipment is required,

I VCTI0W AMD F3M TRENVDSOf

Report -No. M--5-44I862 (31I) presented the desirable features of fiber coi~osite
isystems. The need was stressed for more detailed technical information Ont the
refractory fibers which have been reported, ard the requirements of ma e re-
fraetiory fibers than typical 'S" glas.

This report covers the recent treba in fiber development, research topics
initiated by this investigation, the establishment of facilities for fiber
production, fiber testing techbiques, and ini--tiail coqosite ring 6pec imen
prepafation.4

Horizons (17) has nov released information on "nonigassy ceramic materials."
bphasis has been placed on alumina and zirconia fibewubut a variety of oxides
and oxide cozaounds are anticipated. The fibers ame relatively short, from a
fraction of an inch to about three inches. The zircona fibers Vary from 3 to
30 microns in diameter and the alumina fibers are approximately one Micron in
diameter. The strengt of the fibers is reported to be coaparable to soft glass
but i, teauthor believes, is doubtful. the process for inkid-ng these fibers
was not disclosed. On a trip to Boeing Aircraft Compan it was disclosed that
the fibers are grown from a solution and then sintered.

aJorkaten (1) Laboratories are workin_g with refractory inclusions In fibers.
Although the idea appears promising9, the results indicate that more extensive
work is reqired.

Fiber coz-posite systems are now actively being pursued by many laboratories.

GENERAL EQIM T REQUIRRITS FOR FIER PRO=X~ION:

The two methods noumally used in making continuous fibers are described below.

a) Hod Method

The rod of fused or sintMered material is heated on the end until the tq
Melts and fells by its own weight. The feed of the rod is started at

* thistime.The avrnntge of this method is the eliminaino otie
for the melt. The diuadvantaaes are as follow:
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a) Rod Mtho-d (Conti-hued)

1) Requires conitrolled rod feede
2) Requires closely control1led draw rate.
3) The productiol! Of rods ad"s A extra Step in the process.-
4) The method ito not ",as &-~t~ble to pioduction -- multitlaet

drawing techniques

) asuing ?.0tho

A platin~U, crucible (called a hbing) with one or more orifices in the
bottom is heated Until the fiber forming material melts. Beads Of the
melt at the orifice aftecaught and pulled into fibers.

The principal disadvantage, tor the more refractory melt., in the requi-re-.
Ment of bushing maiterial to withstand oidation, a the attack of batch
materials. Tantalum, W-lybdenuu, and tungsten (11) have been investigated
as crucibles, Using controu ed sawphere s, but with linited success.
Using eihrthe rod or buaiing - thod, the fibers are attached to a re-

volving variable speed take-oup drum.

Table i lists the heat bources considerwed versus the anticipated requiremnents
for fiber production. The section on la7vratorY investigation covers In detal
the tests performed sad equipment evaluated. induction heating was selected
for major emphasis for the following reasons:

1) Uit was available.
2) Mbst flexible inequipment design and~ operation.
3) Unit was easily4ptdfrcnole atnmpers
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The materials selected for Study were alumina, high aluminum Silicates, zircOn,
and zirconia. No knowVn evidence exists of the pure oxides being present in the
non-crystalline or amorphous state. calcium alumintate glasses have been made,
but many other oxides were present. The materials studied afe refratctory,
available in rod form, and have a range of physicalj electrical, and therma~l
properties of interest for the cozi-ositeste .

Nvo approaches for forming aiorphous, alumina containing materials were suggested
as folnlow:.

1) Gradually decrease the Silica content in aluminar-silica Systems th the point
at which glasses could not be fotmd

2) A unique system by which the Molten alumina (low viscosity) could be quenched
at a rapid enough rate to form the nzbcrysta U-ine State.

The first approach can be handled using the rod method of producing fibers or
the crucible method, providing coaltainer materials afe avasilable.

flah hatng s uggested as a unique men fivsiaig which enorphous

comqxsitions cad be mde. Using crystal-line fibers of alumina or zirconis ad
the light Source developed by Bell Lmaboratories, (27) filmnts are suspeoWe
in A. transparent me lum and exposed to a high intensity, high speed flash heating.

Th im lpse between heating and quenching is in the order of a few milli-
seconds,

The p ~ji~ t described uses capacitn5 as high as 129 'coard harged to

4IKV. The mwainum temperature is reached in the I to 100 micron wave length and
in a vacuum. Te temperature is limited by black body re-radiation - apprx
rntely 5ooooC. Tngsten wire has been vaporized and glass fibers heated using
this technique.

M!terils Used

The rods used in the experimaents performied were aimin, zircon, and zirconia
produced by Norton Co. for flame SPray appication. Th~ ProductiOn Of rd
nf varying coupQ61tiofl5 is a project in itself., Figure 1, on the next page,
ilust-rates an extrusion die design for producing rods. The densAwity, tOler-
ances (variations of diameter and straightness) and other physical Proper-.
ties of -the rods ane very important in the close controQls necessary to Pro-
duce fibers.
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In processing glass, from th ettruhthe ati'ain point, viscosity is of

* prine importance. before discussing the theory of viscosit.y, fi brief review
of the practical terinbizlbgy is -in order. Figure 2 shows the viscosity temer--
ture curves of several glass coq06sitiOns. In the molteft state, the -log

* viscosity ( poises ) is approximately 2. Ont cooling, the vorkina rang. W-is
defined as the temperature range at which the log viscosity is 4. At the
softening point, the taemfture at which a piece will, dfoziu under its Oft
weight, th lo69 viscosity is defndas76

ont cooling further the Mnnaling point, the terlperaiture at which internal
strains are rapidly removed, is reached at a -log viscosity of 1-3.4f. And final.ly,
the strain point, the teoperature where bo petmnent internal str1610 cab be
induced by therma~l g±'adfent, is reached at a log viscosity of 14.6.

Xtring (1) regards a liquid as boles Moving in Mittr - glasses have
beet defined as supercooled liquids. The energy required to Make a hole
of molecular size in a li1qud is thus equal to the energy Of vaporization

per oleuleof-he latter. The activation energy for viscous fl-ow my
be regarded as consisting of two parts, the energy to form a h1ole amd
the energy required for the molecules to move into the bole.

70r Newtonian flow, no chaIg in viscosity with rate of shear, o ig
fotnil given below can predict viscosity (!)within less than 3D percent.

h F lanck' s Constant 0"Ga Constant
if= Avogadro'sa Number T -Teerue ('K)
V =Molar Volue E 3 nergy of Vaporization

This ±'oziulal8o applies for low shear vIaues (1e8s than --8 oT19 dyne/.,2 )

Fvor non-NewtoanA flow, the following fOrmaa has been Proposed:

The shear values f above 10 d&Yies/caml-

A, a&b, = constants 2
f shear force dymnes/cm-

Fyring stated that glasses obey non-Nevtonian flow. ackrljTbowewr,
state thatseveral1 systems investigated obeyed Newtonian nlow.
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NATURE OF VISCOSITY OF GLASS:t (Continued)

Good (15) calculated the viscosity shearing force curves (Figure 3) usifig
data of Bockris. The graph shows that the viscosity decreases rapidly
above a criticalI value. For a change of a factor of 4 in the Shear force,
the viscosity decreases by a fator of 100. if a high shear force is applied-
the temp--radture for a given viscosity decreases. At a shear force of 14 x 0

dyescmthe viscosity at 13,45' F. is equal to the viscosity at 2256 F.

Good concludes that the theory requires More extensive verification in the glass
field, amd that the force is depe-ndent on the molecular unit of flow which has
not been adequately defined.

S1 3 )96  rings., S114010~ tetrmahedral units, and ai cobination of these have bee
proposed asl the molecular units. Mackenzie (22) proposes the- planar--rings5 as
the discrete units, as shbv in a-ble UI. Bockris (6) progoses 8O units for
ortho-silic-ate compositions, rings or infintite chains Si 0Pn a the Silice
Content increases, extension of two dimnsional sheets a~ i~t at 33.-3 mole
percent Metal oxide (mo), and increasing three dimensional bonding as the Siog2
conatent is further increased.

The more refractory compositions under consideration have not been investigatede
The understanding of the viscosity shear relationship is a fundawmntal require-
ment for further fiber studies.
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NATLMEO 3WER:

Additional emphasis is againi placed on the difference betwieen fibers (hon-
crystalline, 5.8 19.1 micron diameter) and bulk glass. The extremely rapid
chilling rate of lO-,OOOOFP/sec. lowers the density, modulus of elasticity amd
index of' refraction of the fibers as compared to bulk glass. The fibers are
further from equilibrium condition, ,or represent more-of the high temperature
atructuzl co1nfigurti. When a fiber is reheated aftefomnteppris
change to values representative of the massive -form.4 The increase in deity
called thermal compactioft by Otto(28), could be interpreteda olpeo
the holes put in to produce the viscosity of the moltent glass. The holes or
random, structure is frozen when the glas is quenched.

Crystalline solidd have a melting point while glassed have A transition range
which no. hly falls. between 400 to 6006C. To describe the ther-Wal history of
gisas in this range, the term, "fictive tezperaturet , wa developed which is
defined as follows:

For tez-eratutes T- below transformation range, the Material is
said Uo have a fictive Y (Tau) if it is in the state produced
by rapid quenching from conVlete equilibrium at teaipertture T
The sate isa usually characterized by a measurable physical
property. The transformation range is established because an
upper limit is Oet - m quenching occurs at a, finite rate;i and,
the lower limit is set because as the temperature is lowered,
a longer time is required fQre equlibrium. Figure 4 Uillustrates
the differences in thermal expansion of annealed bulk glass,
chilled h"l glas and fibers.
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TETING OF FIBERS:

In testinig fibers, the differences in bulk glass and fibeLrs maust be cornsidered
as the results vary widely with, tst conditions.i Otto's (28) excellent vork
erhphasizes this point. Figure 5 illustrates the effedt of heat treatment o
thetnodulus of elasticity of fibers.

On a recenit field trip to Owens Corning Fiberglas161 Research Center, Otto deffion-
striated equipment which appears to be the Ultimate inh simplicity in testing
techniques. The mjority of investigators use cozuerial testing units which
limit the nuxmber of specimens tested or increase the codt. Otto'ls unit was
designed to test 8 fibers gimultabdously. Tnhe load-ig Jaw is driven by a
constant speed motor through a gear reducer to provide a rate. of strain of
0.063 in/in/mmn. for a gage length of 2.5 inches. The load cells are the
simple cantilever beam type emloyFing linear- vf-a-ble differentia transformers

(iD) as the sensing deements. The transforMers are powered at 8,000 Cycles/seC
And the output fed to an 8-channtel recordcirig osciliograp (Mneaoi-Ho wl
Visicorder)_. For static fatigue, the fibers are secured on fixed Javs and on
pivoted jaws at which point the fiber is loaded (lead weights) with mercury
sviLtchea to a timer. Split- turnaces are used with the above units -for elevated
te~ersbare tesftingL. The above equipant approach is; reommtended for required
testing.



ANALYSIS C 0 N V" A 14 AG

PHEPARED0 MY J. B. Mbotfter SAN 6116O REPORT NO. M@'-59 -86
CHECKED RTY W., M,4 StherjlaM Mow"l. M3400

iii N-,%*%% A

400 00 1 W0

Moou..u. OF E-w4-rry

VS TEMPEMDUP F" GL4



ANALYSIS CO0NV A R AG 15
PREPARtED BY J. E. Shoffter SAN 61100 rEPgORT No. ww59..o8
CHECKED (By W. M. Sutherland MODE9L RA8009
REVISMD fly DATE 10-- 9

Horizon (31) used colloidal ailica as -their Matrix n*teri~l. The site of
Ludor colloidal Blica was rep-orted as 10-30 milliicrons. Galli (13)
stated that small- particles melt at lover temperatures than balk ateriale
wad developed form-ulas for calculating the lowering of melting point,.
Bicikeradn (5) States that, "At the Melting point, the vapor, pressure of the
Solid is equal to that of the Liquid. it the vapr pressure of smell crystals
is greater than that Of large crystals, it is equa~l to that of the liquid at
a lower tefflerature than the melting tempeztUf of the bulk solid;- hence)

ADm crystals Should me-lt at a lovet teberfitute than large ones."

The use of colloidal size rosterial to build up a Shape pwovides a Most inter-
esting approach Aid is believed to be influenced by the above theories. Adi-
tional research work it suggested to cover this area,

Mhe following pteliminaty heat soure evaluation tests were p-erfred in the
vacuum coating unit at pfesiures less than lO*5 M g.

a) Aei

A coil, of tungsten wire was used as shown in the skgetch below.

0')

K. -A

Pop

/E #ToC'(#i

$3) A94'-OCA



A NALYSIS C 0 N V A IRPAGSE,
PREPSARED BY j., f. Shoffftr SANi oieoo mrPOwt No. 3W-$5.086
;HJKCKED Imy )L. &Itherle m MODEL M 8009

REVISD DYDATE 3.0.27.59

SHost Borg Evaluationf (contimd)

a)asdteaftowA -ota (CanUt's)

the podwr supply woo not aefatepto the eli-*1M Wastilismd,
AM the vscu took heated oeiooily. 2h too"s ve
thereftre d-IOCUmlaM.

fte toot unit *dIn beow mmn construct"~. %ea heater coil*
wofe aeated with bwilm e a tftliM d.. s erttor*.
2he fetsi.1i of tiMj ftaoh fas stablidbod but toot
4ifficultles Indicated that fthi Lim f iawatlolt be

Q\\

\N
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~~ Host orce EvAtiMon (continued)

c)Induction- Howtng

A 2. 5 1W vacuum tube induction heating unit was Used.ft Te
metal susceptor vas not thezumily insuilated end the power
supply ws I~d~ae With en insuated system the ubit
could be used.

The use of a riativey large vacuum chamber with extended p 46Vn Use~i

cated the use Of inert gas systems UBles.6 better vacuum facilities wiere obtained.

113uO-tir~ &Eti41 ailt

The lapel, ftark-41ap, 15 IN output uhit vas used in this Investigation. Tje e-
atures were measured with an optical pyrometer am controlled with stop p"nr
settings, tubifg, a aft off-on ftot switch. 2b. following 614ewIinMOs V*9e
pmrfbrued to eVstluate susoeptor design.

a) Qrthit. Tube

Using a graphite tube as *kwtohed below .Malumi.z r"ds,
aluminumt carbide vat formed which penetrated the extrusion

pane Of the alumina rod which preventted proper melting
onditions.

) 1. A'41JQ R~OD

4. 'AI&O5Qsro
/ 1~-~S. INsULAar.4 J;'tUri!w4ovrop

.00w '"00-
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Inwtn Heating ftacilit (Continued)

Using a nvlybdenum tube sue eptor vith or without radiationb
shie-ld, the taupersar fluctuated exces~ively - vithth

Figure,6 illustrates the systm which Proved the most succesom-
fta. it vas adopted fbr fwrther tests and is discussed in
detail in the next section.

Figures 6, 7 m-A 8 show the Indction heating unit AN dictated by preVious
experiments. The following steps were euployed in its oper&tion,

1) the proper power setting for a given susceptot vms selected
that would, with a miuiam floy of argon wad the foot Witch
ot continuiously, reach the desited ts"Oraturf. The %nit was
turned off peak frequency, it lover power ir~ut to the Ous-
ceptor vas required.

2) The rod vms inserted so that the tip vas, In the-hot t~ons ad
an excess of argon vas flushed through the chaber.

3) After the taverature becm constant, the flow of arm-n wa
slowly x'*duced and the temperature brou_49t to the desired
value. Using alumina, rods and to-eratures of 22CV, a.
blb vms fonmed which had a necked cross section 0bove the
1bib. (Sketch "A!' below) Zie next, most critica, step
of pradtuily lowering the blb turther Into the hot some
could not be inawLly accomliahed. The rod would be lowered
too rquidl, th ekd section wotald become too ld, #~
the 1U"b would drop. (Sketch "B" below
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I - FIGtmZ 8 Path

HOT ZONE OF ?1,89R UNIT 1- ti1

-1 Rod
2. Cover coolintg coil
3.i Cover adjustment

scre ws 0
4. Graphite sumueer
5. Inductiont coil
66 mete. slueeptcr
7. 360? &fracto 5

8. 3200OF Ref ractom
Support

9. Vycor tube

10. Insulation medi

0o
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Fiber Draowing lUnit
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Fiber Unit Operation (Continued)

The Asiuxaption is made that if the ternperatu'e control and distribution were
adequate, 'nechaxiica. feed equipmett wouldi permit fibers to be drawn.i

The tubing, init 1ally As was molybdenum, and the -life Vag limtited. Tantalum
tubing, used as part of the susceptor, has proven very satisfactory.,

1nduS-tiot Concentnat

A field trip was made to the University of California at. Jerkeley to intvestigate
the construction Of ant electron gnas a heat source The Use Of an electron
gun was discouraged in favor of induction heating with the use of a concentrator.

Adiagram-of the induction concentrator unit is; show in Pigure 9. The aides
are water cooled with emphasis on cooling in the center. The unit Operated
satisfactoril-y, heating only the narTOW, center Zone. This sudceptor wi be
investigated further for 'both, fiber work and other high temperature applica-4
tions

Cg

A laboratory setup for winding fiber-ceramic matrix test rinigs Was fabricated
as shown iFiue10. The ,E glass roving was fed thr-ugh ant electric
furnace at 800F to remove sizing psethugacolloidal sia s
pension, and wound on a glass cylinder. The wrapping consisted of 16 threads
per inch for two layers %Wd then a longitudinal layer of 8 threads per inch.
Mhe wrapping was repeated to produce 1/8- thick rings of 3 inch diameter.
The rings were dried for one hour at 212*F, removed from the cylinder, and
fired for 10 minutes at 12007F. The fired rings were dipped in the colloida

sili aupenso a- teryn abd firing proces repeated until a solid

specimen was produced.

Th tes rigs exhibited a degree of flexibility and 'life was lef in te
fibers. Additiona perfection of techniqu~es is required baefore any qualtit4-

tietsts ore belleved to beinoder.

tiv **_ e nQ
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fte follo-wing itaft Of S ablamotal ftseafth msti' roore ±zoettigtion
before s~ditionml vOk IS vsrrafted.

1. %6e nAturew Of the viscosity of glass wA molten reffato~ry oxi4~o

2. Thecoqaoitiob ilawits tob gass formation.

3. The effect of particle ser On mslting point.

Wei project progreied to the point of 60Ai t litatiow. In fprouctiont
of fiber. Aditionl vork am be posftxfwd on amesite syso UiNU
existin fibers.
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